Elongating grass leaves have successive zones of cell division, cell elongation, and cell maturation in the basal portion of the blade and are a strong sink for photosynthate. Our objective was to determine dry matter (DM) deposition and partitioning in basal zones of elongating tall fescue (Festuca arundinacea Schreb.) leaf blades. Vegetative tall fescue plants were grown in continuous light (350 micromoles per square meter per second photosynthetic photon flux density) to obtain a constant spatial distribution of elongation growth with time. Content and net deposition rates of water-soluble carbohydrates (WSC) and DM along elongating leaf blades were determined. These data were compared with accumulation of 14C in the basal zones following leaf-labeling with 14CO2. Net deposition of DM was highest in the active cell elongation zone, due mainly to deposition of WSC. The maturation zone, just distal to the elongation zone, accounted for 22% of total net deposition of DM in elongating leaves. However, the spatial profile of 14C accumulation suggested that the elongation zone and the maturation zone were sinks of equal strength. WSCfree DM accounted for 55% of the total net DM deposition in elongating leaf blades, but only 10% of incoming 14C-photosynthate accumulated in the water-insoluble fraction (WIF~WSC-free DM) after 2 hours. In the maturation zone, more WSC was used for synthesis of WSC-free DM than was imported as recent photosynthate.
In grass leaves, there is a gradient of development along the basal portion of the elongating blade. Distal from the ligule of the elongating blade, successive zones of cell division, cell elongation, and cell maturation are found within the whorl. When the blade has reached about 50% of its final length, the ligule is located about 1 mm above the site of leaf attachment to the terminal meristem (24) . In elongating leaf blades of tall fescue (Festuca arundinacea Schreb.), division of epidermal cells occurs in a 1-to 2-mm long zone just distal to the ligule, but as epidermal cells elongate, division ofadjacent mesophyll cells occurs up to approximately 15 mm distal to the point of attachment (10) . The elongation zone for epidermal cells extends for 20 to 25 mm distal to the ligule (16, 17) and is succeeded by a maturation zone up to 105 mm above the ligule (8) . Anatomical characteristics of the leaf distal to the maturation zone are similar to those of mature leaf blades, Supported by the Natural Sciences and Engineering Research Council of Canada and Universite Laval, Quebec. 2 Present address: Departement de Phytologie, Universite Laval, Quebec, Canada GI K 7P4. and this region is photosynthetically active as it emerges from the whorl of older sheaths (26) .
Content of WSC3 is up to 50% of the DM in the cell elongation zone and decreases distal to this region (16, 18, 25) . Fructan, a sucrosyl-oligosaccharide of fructose, is the most abundant WSC in the elongation zone of tall fescue (16, 18, 25) . In growing leaf blades, primary cell wall material is deposited during cell expansion, whereas secondary cell wall is deposited almost exclusively in the maturation zone (8, 9) . Along with the addition of structural DM in the maturation zone, there is a large increase in soluble protein content which may be associated with synthesis of photosynthetic proteins (6, 25) .
Using the continuity equation (19) , Schnyder and Nelson (17) estimated high net deposition rates of DM in the elongation zone during both light and darkness. In the adjacent cell maturation zone, however, there was no net DM deposition during darkness because deposition of structural DM was offset by negative WSC deposition rates (18) . Net sucrose import, estimated from DM deposition, indicated that the cell elongation zone, was the dominant sink region within elongating leaf blades (16, 17) .
Sink strength of plant parts can be estimated by studying the accumulation of "'C previously incorporated into photosynthate. Usually, leaves are allowed to fix "'CO2 for a given period of time followed by monitoring translocation of "'Cphotosynthate into sink (1, 5, 14, 15 ha-' of elemental N, P, and K, respectively, was substituted.
Plants were grown for 3 weeks prior to the beginning of the experiment. The same plants were used for two consecutive experiments. After the first experiment, plants were clipped to leave a 7.5 cm stubble and allowed to regrow for 3 weeks prior to beginning the second experiment.
Primary and secondary tillers were used in the first and second experiment, respectively. LER of three blades per pot was determined by regressing length against time (26 Longitudinal displacement velocity at positions along the leaf blade was calculated from cell length data and the steadystate LER (4, 10, 20) . Strain rate, or elemental growth rate, which is a measure of cell growth in the elongation zone ( 19) , was determined by using Erickson's five-point quadratic differentiating formula on the displacement velocity data (3).
DM, WSC, and WSC-Free DM Determinations
For each experiment, blades from seven uniform tillers per replication were used for DM and WSC measurements. There were three replications for the first experiment and two for the second. Basal tissue was sampled as described above. Then, a device 60 mm long holding 13 parallel razor blades spaced 5 mm apart was used to cut the tissue into 24 consecutive segments between 0 and 120 mm from the ligule. Corresponding segments from the seven leaf blades were combined for each replication. Fresh weight was determined directly, then segments were dried at 65°C for 45 to 48 h and weighed. DM content was calculated. Samples were stored at -20°C prior to WSC analysis.
WSC was extracted with 4 mL H20 after the segments were ground in liquid nitrogen using a mortar and pestle. After 15 to 20 min, tissue was filtered under vacuum through Whatman No. 42 paper. Mortar and pestle were rinsed three times with 2 mL H20 for a total extract volume of 10 mL. Content of WSC was measured using the anthrone procedure (2) and calculated on a hexose basis. WSC-free DM was calculated as total DM less WSC.
Local Rates of Deposition
Local rates of DM net deposition were calculated from data on spatial distribution of displacement velocity and substance content (P) using the one-dimensional version of the continuity equation as discussed by Silk et al. (21) and used by Schnyder and Nelson (16, 17) . Spatial gradients of DM content (OP/Ox, ,ug/mm) were calculated using Erickson's fivepoint quadratic differentiating formula (3).
Leaf Labeling Procedure
Four comparable blades from different tillers were labeled simultaneously with '4CO2 using a closed system. The labeling system consisted of an air reservoir, four leaf chambers plumbed in parallel, and two air pumps. Air was pumped from the reservoir at a rate of 1 L min-' per leaf chamber, where the air flow was directed from the leaf base toward the tip. The air then passed through a small flask used to generate '4CO2 and back to the reservoir. An IR gas analyzer continuously monitored the absolute CO2 concentration in the system. Volume of the air reservoir was chosen to allow a decrease in CO2 concentration of about 100 1L L' during the 30 min exposure.
In the first experiment, '4C-photosynthate was supplied through the base of the elongating leaf blade. The middle 13.5 to 15.0 cm of the blade of the youngest fully developed leaf was labeled using plexiglass leaf chambers set perpendicular to the light path (400 tmol m-2 s-', PPFD) from a 125-W sodium lamp. In the second experiment, '4C-photosynthate was supplied from the tip ofthe elongating leaf blade. Exposed tips of elongating leaf blades were labeled using 1-cm o.d. glass tubes that were oriented vertically. PPFD incident on the leaf was about 150 ,umol m-2 s-'. After circulating outside air (350 ,uL L-' C02) for 15 to 20 min, the system was closed.
For exposure of the youngest fully developed leaves, 1.0 mL of 1 N NaH'4CO3 containing 200 uCi of '4CO2 per mL (4.44 x 108 dpm) was injected into the system followed by 1.2 mL of 1 N HCI. Volumes of 0.5 mL of NaH'4CO3 (100 MCi) and 0.7 mL of HCI were used for elongating leaf blades.
With the addition of '4CO2, concentration of CO, in the system increased by 10 to 15 ,uL L-' above ambient concentration with fully developed leaves, and by 90 ,tL L-' with elongating leaf blades. The CO2 effect on net photosynthesis of elongating leaf blades would be relatively small considering the low light intensity used during the labeling period. After 30 min of labeling, the system was opened and the gas bubbled through a 2 N NaOH solution. Pots were promptly returned to the controlled-environment chamber, except those tillers selected for a chase period of 0 h which were harvested immediately. Three chase periods were used: 0, 1, and 2 h after the end of the 30-min labeling period. A total of 15 tillers were labeled and harvested for both experiments.
14C Determination
Radioactivity in the WSF and the WIF was determined for each 5-mm segment of the elongating leaf from the ligule, up to 45 mm above the ligule, and for every third segment from 50 to 120 mm. WSF was extracted as described for WSC except only 2 mL of H20 was used, followed by one 2-mL and two 1 -mL rinses for a total volume of 6 mL. Extracts were freeze-dried and then dissolved in 100 ,uL of water. Radioactivity was determined for a 10-,L sample using a Beckman LS-1701 liquid scintillation counter. The WIF and filter paper were dried and digested with 3 mL of 75% H2SO4. Samples were mixed regularly and digestion was complete in 2 h. A 0.5-mL aliquot of solution was diluted with 2.0 mL H20 and radioactivity of a 0.5-mL aliquot of the diluted solution was counted as above. Counting efficiency exceeded 95%, for both the WSF and the WIF. Partly because of the oven-drying of samples, proteins were not detected in the WSF, and were associated with the WIF. Drying does not affect solubility of WSC (16) .
Total radioactivity for each elongating leaf blade was calculated and the replicate mean was determined for each time period and experiment. Content of 14C within each blade was then normalized to the mean value by multiplying the accumulated radioactivity in each 5-mm-long segment within a blade by a factor (f): Standard errors were estimated for DM content (five replications of seven segments each). Standard deviations were calculated for cell lengths (six replications) and normalized 14C accumulation (three or two replications). Net deposition rates were calculated from means, so variance analysis was not determined.
RESULTS AND DISCUSSION

Growth Distribution
Abaxial epidermal cells of tall fescue leaf blades elongated up to 26 mm distal to the ligule (Fig. la) . Final cell length averaged 300 Mm, which is similar to that reported previously for the same genotype grown at a similar temperature but with a photoperiod of 14 h (8). As epidermal cell length increased in the elongation zone, velocity ofcell displacement increased to a maximum of 1.17 mm h-' or a LER of 28.1 mm d-' (n = 6) (Fig. lb) WSC content increased rapidly between 2.5 and 7.5 mm above the ligule (Fig. 2a) , then remained constant throughout the elongation zone before decreasing gradually between 35 and 120 mm. Concentration of WSC reached a maximum of 60.8% (w/w) of the total DM at 17.5 mm from the ligule and decreased to a minimum of 17% at 90 mm (data not shown). Concentration ofWSC, as percentage ofDM in the elongation zone, was higher than reported previously (16, 18, 25) , but similar to percentages reported by Spollen (22) .
WSC-free DM consists mainly of cell wall material, proteins, lipids, minerals, and a small amount of starch (9, 18, 24) . Content of WSC-free DM decreased up to 20 mm above the ligule as epidermal cells elongated, then increased between 20 and 70 mm (Fig. 2a) . Specific leaf weight (dry weight per leaf area) has previously been shown to decrease with distance above the ligule throughout the elongation zone, and increase with deposition of secondary cell walls (8, 9) .
DM, WSC, and WSC-Free DM Deposition
Net DM deposition occurred mostly in the elongation zone, 78% of the total was deposited between 0 and 27 mm compared with 22% between 27 and 60 mm from the ligule (Fig.  2b) . In the proximal 20 mm of the elongating leaf blade, WSC was deposited faster than WSC-free DM. The high WSC deposition rate was required to maintain the constant WSC content observed throughout the elongation zone (Fig. 2a) while epidermal cells increased in length 10-fold (Fig. la) . Distal to 20 mm, WSC deposition decreased abruptly, reaching 0 at 25 to 30 mm above the ligule, approximately the position where elongation of epidermal cells stopped. WSC deposition above 30 mm was negative until the tissue was exposed above the whorl.
Net deposition of WSC-free DM gradually increased throughout the proximal 25 mm of the elongating leaf (Fig.  2b) , but the rate was not high enough to offset the rapid cell elongation rate, resulting in a gradual decrease in content of WSC-free DM (Fig. 2a) . Net deposition continued beyond 25 1 00 1 20 mm (Fig. 2b) , and since epidermal cell elongation was slowed and then ceased, the content of WSC-free DM increased rapidly (Fig. 2a) . Net deposition rate of WSC-free DM gradually decreased, reaching 0 at 70 mm (Fig. 2b) .
Within the cell elongation zone 57% (w/w) of the net DM deposition was contributed by the WSC fraction; WSC-free DM contributed the remaining 43%. However, in the adjacent zone ofcell maturation, 100% ofthe net DM deposition came from deposition of WSC-free DM, since net WSC deposition was negative.
WSC stored as fructan in the cell elongation zone may later be used for synthesis of WSC-free DM components in the maturation zone (18) . A theoretical maximum contribution from the stored WSC to deposition of WSC-free DM can be 1 00 120 estimated by converting WSC data, i.e. hexoses and fructan, to sucrose equivalents, assuming 1.055 g sucrose is required per g leaf DM synthesized (13) , all conversions are 100% Pates (b) of total efficient, and maintenance respiration is low (1 1). With these :ue leaf blades. assumptions, the negative net deposition of WSC in the zone tions).
of cell maturation could account for about 50% of the deposition of WSC-free DM in the same tissue.
Radioactivity in Elongating Leaf Blades
At time 0 (end of the 30-min labeling period from the fully developed leaf blade), only trace amounts of radioactivity were detected in elongating leafblades (data not shown). After 1 h, small amounts of radioactivity from the labeled portion of the fully developed blade had passed through its sheath and the terminal region of the stem to reach the base of the elongating blade, but 14C was low or undetectable in all sections distal to 30 mm (data not shown). The first complete profile of 14C deposition along the proximal 120 mm of elongating leaf blades was observed 2 h after labeling ended (Fig. 3a) . At that time, 2.9% of the total label was recovered in the elongating leaf blade compared with 0.2% after 1 h. The same time interval was required to obtain a complete 14C distribution profile when the tip of the elongating leaf was labeled (Fig. 3b) .
Because the uptake capacity of cells in the elongation zone may change as they enlarge and are displaced away from the ligule, the effect of cell displacement on 4C deposition needs to be minimal. In the present experiment, segments were 5 mm long and maximum displacement velocity was 1. 17 mm h-' (Fig. 1) . Therefore, after a 2-h chase, the 2.34 mm displacement of the most distal section was less than half the segment length. Further, only 8% of the total 14C at 2 h was detected (Fig. 2b) .
Similarly, 2 h after the leaf tip was labeled, 43% of the 14C
in the basal 75 mm of the elongating blade was in the elongation zone and the remaining 57% was found between 27 and 75 mm (Fig. 3b) . Photosynthate exported from the exposed leaf tip passes through the maturation zone before it reaches the elongation zone, thus explaining the slightly larger 14C deposition in the maturation zone. Regardless, the label distribution was similar to that from the youngest fully expanded leaf; the segment at 15 to 20 mm above the ligule was a strong sink for 14C photosynthate and accounted for 11.4% of the 14C imported in the basal portion of elongating leaf blades. The profile for 14C accumulation in DM after 2 h (Fig.  3a) differed markedly from the profile for deposition of DM (Fig. 2b) where 78% of the total net DM deposition occurred within the elongation zone. These results suggest that both the elongation zone and the maturation zone are strong sinks for photosynthate and compete with a similar strength for incoming photosynthate, regardless of direction from the source. Further, the data indicate that flow to the cell elongation and cell maturation zones occurs from both sources at the same time. Simultaneous bidirectional transport in dicot leaves takes place in different but adjacent vascular bundles (23) . In tall fescue, photosynthate could be translocated in different directions through the alternate lateral (major) and intermediate (minor) veins (8) .
Radioactivity in WSF and WIF
The accumulation of labeled fractions, WSF and WIF, differed only slightly from the WSC and WSC-free DM components described previously. After a 2-h chase from the elongating leaf blade, about 95% of the 14C in the WSF was associated with WSC. In addition to WSC, the WSF contained small amounts of amino and organic acids which may incorporate '4C (27) . Thus, content of radioactivity in the WSF could slightly overestimate the amount of radioactivity associated with WSC and underestimate the radioactivity in the WSC-free DM.
Two hours after labeling, 90% of the '4C accumulated in the basal 90 mm of elongating leaf blades was associated with the WSF, regardless of the origin of '4C-photosynthate (Fig.  3) . The remaining 10% was associated with the WIF. Comparatively, net deposition of WSC and WSC-free DM in the same tissue accounted for 45 and 55% (w/w) of the total net DM deposition, respectively (Fig. 2b) . These results suggest that recently imported photosynthate concentrates in the WSC pool before it is used for synthesis of cell wall material and proteins.
Deposited WSC can be divided into two general pools: a transient pool and a storage pool. The transient pool consists largely of hexoses and sucrose, the major translocated carbohydrate, and is readily available for incorporation into fructan and WSC-free DM or for other cell metabolic processes (16, 18) . The major constituent of the storage pool in tall fescue leaves, fructan, is found in high concentration in the elongation zone (12, 16, 18, 25) . Stored fructan can be hydrolyzed into fructose units which could be metabolized directly by the cell (12, 18, 25) or used to resynthesize sucrose for export (12) .
Net WSC deposition was negative in the maturation zone above 27 mm (Fig. 2b) , but regardless of the source, about half of the radiolabel in WSF accumulated in this same zone (Fig. 3a, b) . Therefore, in the maturation zone, more WSC was apparently respired or used for synthesis of WSC-free DM than was imported as recent photosynthate. Carbohydrate stored as fructan in cells within the elongation zone, and then displaced with growth into the maturation zone, could provide the energy and the synthetic elements necessary for these processes. This was verified in longer pulse-chase studies (our unpublished data).
